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Biological sex plays a crucial role in shaping animal behavior. For example, behaviors that promote reproductive success are often sexually dimorphic, including those involved in mate seeking, courtship, aggression, and parental care [1] [2] [3] . Many higher-order behaviors, such as those involved in associative learning and decision-making, also display sexspecificity [2, 4] . How do nervous systems encode these sexually dimorphic behaviors? Both sex-specific neurons and neurons present in both sexes (sexshared neurons) are known to contribute to sexually dimorphic behaviors across animal phyla [3, [5] [6] [7] . However, the molecular mechanisms that allow sexshared neurons to generate sex-specific behaviors remain poorly understood. A study reported in a recent issue of Current Biology from Weinberg et al. [8] , and another study from Fagan et al. [9] published in this issue, shed light on the molecular and cellular mechanisms that enable sex-shared neurons to drive sexually dimorphic behaviors, providing new insight into the neural basis of naturally occurring behavioral variation.
Both studies use the free-living nematode Caenorhabditis elegans as a model system. C. elegans offers a number of advantages for the study of sexual dimorphism. First, the species has two sexes: somatically female hermaphrodites that self-fertilize through the transient production of self-sperm, and males that reproduce by mating with hermaphrodites. Second, it exhibits multiple sexually dimorphic behaviors [2, 3] . Finally, it has a relatively simple and well-characterized nervous system that can be studied at the single-neuron level. The hermaphrodite nervous system consists of 302 neurons, and its anatomical connectivity has been fully elucidated [10] . The male nervous system, which consists of 385 neurons, is less well-understood but its posterior connectivity has been described [11, 12] . While the contribution of sex-specific neurons to sexually dimorphic behaviors has long been appreciated [3] , it has recently become clear that many sexshared neurons also drive these behaviors [2] . The new studies by Fagan et al. [9] and Weinberg et al. [8] provide key insights into how this happens.
Fagan et al. examine the neural basis of the sexually dimorphic response of C. elegans to ascaroside pheromones. Ascarosides are a large family of molecules that are produced by both sexes in sexspecific blends [13, 14] . They regulate a wide range of behavioral and physiological responses, including mate seeking, aggregation, and reproductive physiology [14] . Notably, a hermaphrodite-secreted pheromone blend is attractive to males but repulsive or neutral to hermaphrodites, depending on their neuromodulatory state [13, 15] . Prior studies have demonstrated important roles for the male-specific CEM sensory neurons and the sex-shared ASK and ADL sensory neurons in establishing sex-specific responses to ascarosides [13, 15, 16] . However, the molecular mechanisms underlying functional modulation of these pheromone-sensing circuits by genetic sex remain poorly understood.
Fagan et al. now identify a different pair of sex-shared sensory neurons, the ADF neurons, as critical mediators of pheromone response. They show that the ADF neurons are activated by one of the ascarosides in the blend, ascr#3, in males but not hermaphrodites. This differential detection of ascr#3 by ADF neurons appears to underlie its ability to drive opposite sex-specific behaviors ( Figure 1A ). Moreover, the genetic sex of the ADF neurons primarily determines the behavioral response to ascarosides. Contrary to their wild-type behaviors, males with genetically feminized ADF neurons are repelled by the pheromone blend and females with genetically masculinized ADF neurons are attracted. ADF-ablated males and hermaphrodites are both repelled by the blend, indicating that male ADF neurons drive sexpheromone attraction by overcoming an underlying repulsive drive present in both sexes.
Fagan et al. also identify some of the molecular mechanisms that specify the 'sexual state' of the ADF neurons. They show that the conserved DM-domain protein MAB-3 is expressed specifically in male ADF neurons, where it promotes a male-specific neuronal identity ( Figure 1A ). In contrast, mab-3 expression is inhibited in hermaphrodites. This sexspecific inhibition of mab-3 expression is achieved through the action of TRA-1, a transcription factor that is expressed only in hermaphrodites and promotes their sexual differentiation. DM-domain proteins play a conserved role in sex determination across species, and mab-3 has been implicated in diverse aspects of C. elegans development and behavior [2, 3, 17] . However, this study describes a new role for mab-3 in the sex-specific functional tuning of sensory neurons.
Does the male-specific ADF response contribute to reproductive fitness? By designing a clever behavioral assay to look at male attraction to potential mates, the authors show that the male state of ADF enables males to efficiently locate hermaphrodites. In other words, male-specific attraction to ascarosides indeed facilitates mate finding. Taken together, these intriguing findings
While sexually dimorphic behaviors can arise from sex-shared neurons adopting sex-specific functional properties, they can also arise from sex-shared neurons establishing sex-specific connectivity patterns. Weinberg et al. examine the molecular mechanisms that enable sexshared neurons to form sex-specific connections. They focus on the synaptic connections between the sex-shared sensory neuron PHB and the downstream sex-shared interneuron AVG. A previous study from the same group showed that PHB-AVG synapses are subject to sexspecific pruning. The synapses are initially present in both males and hermaphrodites, but during sexual maturation the synapses are selectively maintained in males and eliminated in hermaphrodites [17] . Moreover, PHB-AVG synapses are necessary for normal mating behavior in adult males and are therefore functionally relevant [17] . However, the molecular mechanisms leading to sex-specific modifications in PHB-AVG connectivity were unclear.
Weinberg et al. identify a novel signaling pathway in the AVG interneurons that promotes male-specific maintenance of PHB-AVG synapses. They show that UNC-6/Netrin, signaling through its canonical receptor UNC-40/DCC and the guanine nucleotide exchange factor CED-5/DOCK180, acts cellautonomously in the AVG neurons to maintain these synapses in males. The unc-6 gene is expressed in the AVG neurons of both sexes in juveniles; however, its expression persists only in male AVG neurons after sexual maturation ( Figure 1B ). This male-specific expression of unc-6 in AVG is both necessary and sufficient to maintain PHB-AVG synapses, since loss of the synapses in unc-6 males can be rescued by unc-6 expression in AVG and ectopic expression of unc-6 in hermaphrodite AVG neurons results in synapse retention.
Weinberg et al. further demonstrate that spatiotemporal and sex-specific control of unc-6 expression is achieved through the combined actions of TRA-1 and the LIM homeodomain protein LIN-11. LIN-11 promotes unc-6 expression in the AVG neurons in both sexes, and thereby confers spatial control of unc-6 expression. The timing and sexspecificity of unc-6 expression are controlled by TRA-1, which is expressed specifically in hermaphrodites and downregulates unc-6 expression beginning at the third larval stage. Thus, Weinberg et al. reveal an interesting scenario where broadly expressed transcription factors generate spatial, temporal and sex-specific gene expression patterns using an intersectional strategy ( Figure 1B) .
While netrins are known to play diverse roles during nervous system development and in the adult brain [18, 19] , Weinberg et al. demonstrate a previously unknown role for netrins in sex-specific synapse maintenance during sexual maturation. Another recent study identified previously unknown roles for neurexin and neuroligin in sex-specific neurite outgrowth in adult males [20] . Together, these studies raise the intriguing possibility that other conserved molecules may also have as-yet unrecognized functions in establishing or maintaining sexually dimorphic neural circuits.
The new studies by Fagan et al. and Weinberg et al. add to a growing body of knowledge on the diverse mechanisms that contribute to sexually dimorphic nervous system function. In particular, these findings are a major step forward in understanding how sex-shared neurons generate sex-specific behaviors. In future studies, it will be interesting to see whether similar strategies are also used by other sex-shared neurons and circuits, including those in higher organisms, to generate sexually dimorphic behaviors and other forms of naturally occurring behavioral diversity. (A) Fagan et al. [9] demonstrate that the functional properties of a pair of sex-shared sensory neurons (ADF) depend on their sexual state. Selective expression of mab-3 in male ADF neurons results in ADF masculinization (green), whereas inhibition of mab-3 expression by TRA-1 in hermaphrodite ADF neurons results in ADF feminization (purple). Schematic activity graphs below denote changes in ADF calcium responses following exposure to sex pheromones (ascarosides). The sexual state of ADF determines the response to ascarosides, leading to sexually dimorphic behavioral responses. (B) Weinberg et al. [8] demonstrate that UNC-6/netrin signaling drives sex-specific changes in connectivity between two sex-shared neurons, PHB and AVG. LIN-11 promotes unc-6 expression in the sex-shared AVG interneurons (blue), which leads to maintenance of PHB-AVG synapses in males (green triangle). In hermaphrodites, inhibition of unc-6 expression by TRA-1 leads to pruning of the PHB-AVG synapses (dashed triangle). These connectivity differences contribute to sexually dimorphic behaviors [17] .
Three new and closely complementary studies have defined the architecture of the circuits underlying the descending control of locomotion, identifying neurons that drive fast motor responses and those that seem to be specialised for exploratory behaviors.
Animals locomote in multiple ways according to their needs and the task at hand, displaying flight or freeze responses to threats, or more exploratory behaviors such as scavenging for food. The initiation, execution and termination of these various locomotor programs involves several brain circuits that converge onto brainstem nuclei, which then relay the appropriate motor commands to effector circuits in the spinal cord. Novel viral and genetic tools have opened up new avenues for dissecting the cellular and anatomical features of the descending locomotor control circuitry. In three recent studies, the groups of Silvia Arber [1], Ole Kiehn [2] and Frederic Bretzner [3] (the last reported in this issue of Current Biology) have identified broadly the neuronal populations in the mesencephalic locomotor region-medulla pathway that control the speed of stepping during locomotion.
Heterogeneity of the Mesencephalic Locomotor Region
It has been 50 years since Orlovsky and colleagues [4, 5] first identified an area within the brain, which, upon electrical stimulation, was able to initiate locomotion and modulate its speed. This midbrain area, which encompasses the pedunculopontine nucleus and cuneiform nucleus, was denoted the mesencephalic locomotor region. Subsequent studies in other vertebrates [6, 7] have shown that
